SAR imagery back scattering intensity data for two case studies, involving the small eruption of Sakurajima volcano, Japan in February 2008 and the large eruption of Chaitén volcano, Chile in May 2008 are used to detect volcanically disturbed areas. From this, a method of predicting or mitigating volcanically-induced sediment disasters is proposed. The results indicate the following points: 1) The areas disturbed by the volcanic eruption, such as by pyroclastic flow or lahars, can be identified from SAR images. 2) In both study areas, volcanic ash fall areas were not visible in the SAR images. 3) SAR imagery back scattering intensity data can be used to perform preliminary scans in emergency procedures, aiding the prediction and mitigation of volcanic eruption-induced sediment disasters.
INTRODUCTION
According to the Smithsonian Institute's Global Volcanism Program, 77% of the world's volcanoes thought to have been active in the last 10,000 years are in the Asia Pacific region, and many volcanic disasters have occurred. Throughout the world, nearly 90,000 people have been killed in large-scale volcanic disasters alone in the past 100 years [Japan Sabo Association, 2009] . Many of them (about 97.8%) are victims of sediment disasters attributable to phenomena such as pyroclastic flows, primary lahars, or secondary lahars. [Ikeya, 2003] In order to predict and mitigate sediment disasters resulting from volcanic eruptions, quick collection of information following eruptions is important. However, gathering information in the proximity of an erupting volcano is very dangerous and therefore extremely difficult [Ui, 1997] . Thus, the effective use of satellite-based remote sensing technology provides a means of collecting information on sediment disasters induced by volcanic eruption.
Satellite-based remote sensing technology has been advancing and becoming more widespread in recent years. Optical satellite images have come to have resolution equal to that of aerial photos since the launch of IKONOS. Satellites equipped with synthetic aperture radar (SAR) have also improved remarkably in terms of multi-parameterization and spatial resolution [e.g. Yamaguchi, 2007] . In addition, the Sentinel Asia Project has been carried out from 2006 to monitor natural disasters in the Asia-Pacific region, and is an international cooperation project. The system allows immediate provision of satellite images upon the occurrence of a large-scale natural disaster (http://dmss.tksc.jaxa.jp/sentinel/). The key issue to address from now is how to link the information obtained from the satellite image data to practical action for mitigation.
When obtaining information necessary for prediction and mitigation of volcanic eruption-induced sediment disasters, it is possible to estimate the areas disturbed by the volcanic eruption and the phenomena associated with the eruption if we can monitor the ground surface using an optical sensor aboard a satellite such as IKONOS. However, since an optical sensor is influenced by ash fall, volcanic smoke and clouds, it is not always possible to be sure of constant access to such satellite information. However, SAR-equipped satellites are capable of obtaining images of the ground surface without being affected by volcanic smoke or clouds, which is why a high priority is given to these satellites in the case of emergencies [e.g. Iisaka, 1998] . A number of methods have been proposed to obtain information on eruption-induced damage using SAR imagery, including one which uses back scattering intensity images and one which uses an interferometric SAR technique. Chorowicz et al. (1997) utilized back scattering intensity images of SAR satellites. This includes a technique that used multi-temporal superimposed images to estimate the coverage of a lahar occurring at the time of the eruption of Mt. Pinatubo. Koike et al. (2002) utilized the difference and ratio of intensity images of Merapi volcano to identify pyroclastic flows. Many researchers have used interferometric SAR technology to identify the crustal alteration induced by volcanoes [e.g. Lu, Z et al., 2000; Matthews, J. P. et al., 2003] .
From the point of view of the precision of measurement, the difference which can be detected by interferometric SAR technology is minor compared to that by simple differentiation of back scattering intensities. However, from the point of view of utility at the time of a volcanic eruption, it is not utilized because it is known that some atmospheric conditions could affect the result of the interferometric SAR processing. Conversely, since the back scattering intensity of SAR images is free from atmospheric intervention [e.g. Iisaka, 1998 ], it can be used to detect volcanically disturbed areas.
The authors used SAR imagery back scattering intensity data in two case studies, the small eruption (<10 5 m 3 in total emission of pyroclastic materials) of Sakurajima volcano, Japan from February 3 to 7 2008, and the large (>10 8 m 3 in total emission of pyroclastic materials) eruption of Chaitén volcano, Chile in May 2008. The aim of this procedure was to detect volcanically disturbed areas and propose a method of utilizing the data to predict or mitigate volcanically-induced sediment disasters.
STUDY AREAS AND SATELLITE IMAGES

Study Areas
Sakurajima volcano is located on the island of Kyushu, Japan (Study Area 1, Fig.1 
Satellite images utilized in this study
The satellite sensors of the images used in this study are the AVNIR-2 (Advanced Visible and Near Infrared Radiometer Type) and PALSAR (Phased Array type L-band Synthetic Aperture Radar) aboard ALOS, a satellite with a recurrent period of 46 days and a sub cycle of 2 days. This is the only satellite equipped with an L band SAR that is currently operating. Amongst the bands used by satellites, the L band is the portion of the frequency range with the longest wavelength. Because of this characteristic, the L band is said to be less susceptible to the influence of vegetation and is the most suitable for penetrating to the ground surface [e.g. Iisaka, 1998 ].
The PALSAR images used for bi-temporal comparison, before and after the eruption, were taken with an off-nadir angle of 34.3
and HH polarization, with the same center frame and observation path for both images. The AVNIR-2 images used for reference were those taken in the periods before and after the eruption and as close as possible to the moment of eruption, showing the study area free of clouds or shadows and with a spatial resolution of better than 12.5 m.
Method of image analysis
Changes in the SAR backscattering intensities were compared before and after eruption in each study area as close to the actual incidents as possible, because both volcanoes continued to erupt and no precise field surveys have been performed.
In order to discuss the applicability of SAR imagery backscattering intensity data, two different types of reprocessed images were prepared: backscattering coefficient (BSC) difference images and BSC multi-temporal superimposed images. Furthermore, in order to discover the distribution of ash fall, NDVI difference images were produced. In this image processing, the map projection held by the product was used as is. No topographical correction was executed for SAR images. There is no impact on the incident angle other than topographic changes because the same off-nadir angles and scenes were used. EARDAS IMAGINE 9.1 and ArcGIS Desktop 9.3.1 were used in this Image processing.
BSC difference image
BSC is geometrically normalized SAR intensity data. The conversion equation is provided by the Japan Aerospace Exploration Agency (JAXA). It means that objects with high BSC can reflect electromagnetic radiation. The backscattering coefficients were calculated for the images before and after the eruptions. The BSC difference image was obtained from Eq.(1):
The BSCs for each of the images, such as the images before and after the eruption, are assigned to one color component. The BSCs of the image before the eruption are assigned the color red while those of the image after the eruption are assigned the colors green and blue. Therefore, an area where BSCs decrease looks red and an area where they increase looks bluish green.
NDVI difference image
A normalized difference vegetation index (NDVI), to show the magnitude of the volcanic disturbance, was used. NDVI was calculated using Eq.(2), as follows:
where NIR is the DN (digital number) of the near-infrared band and R is the DN of the red band.
NDVIs were calculated for the images before and after the eruptions. The authors subtracted them as follows:
RESULTS AND DISCUSSION
Ash fall area
Figures 2 and 3 show NDVI difference images and BSC difference images of Sakurajima volcano A good positive correlation is reported between the volcanic ash deposition up to a few dozens of centimeters in thickness and the reduction in the normalized difference vegetation index (NDVI) following eruption for a volcano that was covered by vegetation before eruption [Tucker et al. 1985] . The authors considered that a relationship could be found between the variance in back scattering intensity of SAR images and the deposition of volcanic ash if a correlation was observed between the reduction in NDVI and the variance in back scattering intensity. NDVI was calculated from the AVNIR-2 images in order to calculate the difference between before and after the eruption. We compared the NDVI difference images and BSC difference images.
In Study Area 1, ash fall was estimated by field survey ]. The eruption was not very large, so that the area covered with ash thicker than 1 cm was very limited, being confined within a one-kilometer radius.
The result was that it was impossible to read the ash fall coverage not only from the PALSAR difference image but also from the ANVIR-2 images, presumably because the eruption phenomenon was too small in scale and both images were obtained 7 weeks after the eruption (Table 1) . They are considered to have been taken too late to distinguish the ash fall area from surrounding areas.
For Study Area 2, the reported phenomena after the eruption include deposition of ash to a thickness of over 15 cm, pyroclastic flows, lahars, and upheaval of the lava domes [Lara, 2009] . The phenomena which occurred were much larger in scale than those in Study Area 1. The areas disturbed by these phenomena are readily recognizable from the AVNIR-2 images taken over one year after the first eruption, and therefore the images allowed clear calculation of the areas with decreased NDVI.
In contrast to this, it was impossible to discern the disturbed areas from the SAR images. It was, however, possible to some extent to identify the areas disturbed by the volcanic eruption from the SAR images taken before and after the eruption. In fact, the areas deemed to be probably affected as estimated from the NDVI difference images and BSC difference images proved to be almost the same. However, they are too small compared with the ash fall areas reported by Watt et al. (2009) , although some similarities in spreading geometry are observed. This is probably because the report by Watt et al. (2009) is based on data from May, the early part of the eruption, and the date of the optical satellite images that we used is around one year after the eruption. The correlation between the NDVI reduction and the difference in BSC for Study Area 2, where BSC difference images identified the changes in the area as clarified by the NDVI, is shown in Fig. 4 , and it can be seen that no correlation is observed.
Small pyroclastic flow in Study Area 1
The focus of the first review for Study Area 1 is the areas covered by pyroclastic flows as circled in black in Fig. 5 . A small pyroclastic flow (41000m 3 ) was reported [Takeshi et al. 2009] . A review was performed to check if the pyroclastic deposit areas identified from the photographs taken from a helicopter could be read from the SAR images (Fig.  5) . As shown in Fig. 5 , a reduction in BSC can be seen in the pyroclastic deposit areas. The dispersion of the differences in BSC between the pyroclastic deposit areas and their surrounding areas is shown in Fig. 6 . The reduction in BSC in the pyroclastic deposit areas is about 3 dB lower on average than in the other areas, but the range of BSC reduction in the pyroclastic deposit areas is included in the values shown for the other areas. Figure 7 shows an AVNIR-2 image and several photographs of mudflow deposit, lava dome, and destroyed forest in Study Area 2 cited in the report by Servicio Nacional de Geologia y Mineria (SERNAGEOMIN). Figures 8 and 9 show the ANVIR-2 images, PALSAR images, BSC difference images, and multi-temporal superimposed images.
Pyroclastic flow and lahars in Study Area 2
The dark areas in the BSC difference images indicate where BSC is reduced. The multi-temporal superimposed images show the areas of reduced BSC in red and the areas of increased BSC in blue.
Area (a) shows the runway of an aerodrome buried by pyroclastic deposits and a reduction in BSC due to surface leveling (Fig. 8) . In area (b), a river, which flowed around the town of Chaitén before the eruption, was forced by the lahar to change its route, and the channel changed its downward course near the town and started flowing through the center (Fig. 8) . It seems reasonable to say that lahars were what removed the houses and that the deposited lahars caused a reduction in BSC. The portions colored in blue surrounding point (a) and the upstream area (b) show almost the same areas as indicated by the browned areas in the AVNIR-2 images. It is speculated based on the data from (1) in Fig. 7 and other information that the accumulation of sediments and driftwood brought by the lahar increased the surface roughness, ultimately causing a rise in BSC. The occurrence of a pyroclastic flow was reported in area (c) ( (5), Fig.  7) .
It, therefore, seems reasonable to assume that trees fell in the direction normal to the incident angle of the pyroclastic flow and caused two reflections, ultimately resulting in a rise in BSC (Fig. 9) . The observation that BSC increased due to the pyroclastic flow is contrary to the conventionally reported observation that BSC reduces under the influence of a pyroclastic flow [Koike et al. 2002] . Upheaval of lava domes was reported in areas (d) and (e) ( (5), Fig. 7 ). The SAR incident direction is from the left-hand side of the image, and the upheaval of the lava dome caused a rise in the incident angle in area (d). In area (f), it is assumed that BSC dropped as the surface was flattened by the collapse of the lava dome and the deposition of pyroclastic materials such as from pyroclastic flows (Fig. 9) . In area (c) for which pyroclastic flows were reported, it is observed that the values of the two reflections and surface scattering are larger than that of volume scattering. This observation matches the fact that trees, which grew densely before the eruption, were destroyed or completely fell down.
Post-eruption satellite images PALSAR (above) and AVNIR-2 (below)
Pre-eruption satellite images PALSAR (above) and AVNIR-2 (below)
PALSAR difference image (above) and multi-temporal superimposed image (below) (4) and (5) in Fig. 7) 
Utilization of information obtained by SAR imagery for emergency response against volcanically-induced sediment disasters
In order to predict and mitigate volcanic eruption-induced sediment disasters, it is important to understand the status of an eruption during its occurrence and verify and update the hazard map. In Japan, the Sabo Department, Ministry of Land, Infrastructure, Transport and Tourism (MLIT) formulated the Guideline for Formulation of Sediment Control Plans for Emergency Mitigation of Disasters by Volcanic Eruption in April 2007. The Guideline stipulates that volcanic activity should be urgently investigated, the relevant hazard maps updated, and the necessary information provided to relevant organizations [Sabo Dept., MLIT, 2007] . Figure 10 shows an emergency investigation flow chart for prediction and mitigation of eruption-induced sediment disasters.
In the event of the eruption of a volcano, it is necessary to verify and update the relevant hazard maps. In order to do this, it is necessary to understand the scale of the phenomenon that occurred and the area covered by volcanic deposits, and conduct surveys including aerial photography, field investigation and topographic measurement to understand the post-eruption topography and the physicochemical characteristics of the deposits. However, in the case of the eruption being on such a large scale that a wide area is affected by the eruption, it is impossible to conduct such surveys over the entirety of the affected area. Therefore, it is necessary to select areas that require detailed investigation by firstly making a preliminary judgment based on SAR images and other information. Based on the results of the initial judgment, an intensive survey on the identified areas should be implemented, achieving efficient verification and updating of the hazard maps.
The technology for identifying from SAR images the areas covered by volcanic deposits or affected by pyroclastic flows and lahars, as discussed in this paper, is required in the preliminary scanning stage, as shown in Fig. 10 . But when only images taken after the eruption are provided, no necessary information can be immediately identified. Since it is generally understood that the areas covered by deposits of pyroclastic flows or lahars can be estimated only by comparing the post-eruption images with pre-eruption images, it seems necessary to set up a framework of information provision in which available image data is first subjected to simple image processing, the processed data then being checked by engineers, and the information finally being provided.
The approach of Sentinel Asia involves a system in which the satellite image information on a wild fire or a flood is processed and the processed data are provided as alert information (http://dmss.tksc.jaxa.jp/sentinel/), but no such mechanism has yet been established for volcanically induced sediment disasters. The immediate establishment of a framework that 
CONCLUSIONS
Two case studies involving two recent volcanic eruptions in the Asia Pacific region were performed in order to show the applicability of SAR imagery back scattering intensity data. The conclusions were as follows.
1) The areas disturbed by the volcanic eruption, such as those disturbed by pyroclastic flow or lahars, could be identified from the SAR images of Study Area 2. The identified areas are almost the same as those that are estimated from optical images, and changes can be identified from the SAR images. However, it is not possible to judge what phenomena occurred from SAR images alone, and such judgment requires information from the images of an optical satellite or other information source.
2) In both study areas, volcanic ash fall areas were not visible in the SAR images.
3) It is judged possible to identify the portion of an evenly vegetation-covered area disturbed by an eruption from polarimetric SAR images of the relevant time period. However, such identification would be difficult if the area of interest had no vegetation at the outset, such as a volcano that has erupted many times in the past or is at a high elevation, therefore having scant vegetation.
4) SAR imagery back scattering intensity data provides important information for preliminary scanning in emergency survey procedures for prediction and mitigation of volcanic eruption-induced sediment disasters.
